1976.-The Na-KATPase of toad skin was characteristically sensitive to Na, K, and ATP. It was not affected by amiloride, vasopressin, CAMP, and thyroxine, but stimulated by insulin. Ouabain, a potent inhibitor at 37°C did not inhibit the enzyme activity significantly at 23OC. The optimal pH for the enzyme activity increased as temperature decreased. However, the optimal OH-/ H+ ratio of the medium remained constant at 16 regardless of temperature.
insulin, optimal pH, ouabain AS THE BODY TEMPERATURE of a poikilothermic animal varies with the environmental temperature, pH of the arterial blood changes inversely but linearly with temperature (20, 32, 35) . Interestingly enough, the change in blood pH with temperature (ApHIAZ) is of the same magnitude as that in neutral water with temperature change. In other words, the difference in pH between arterial blood and neutral water remains constant regardless of temperature, thus maintaining a constant "relative alkalinity" (20) or OH-/H+ ratio of the blood at all times.
Reeves (34) speculated that this relative alkalinity is due to a constant fractional dissociation (alpha) of imidazol groups, which also preserves constant net protein charges. This assures optimal enzyme activities and protein conformation. If this hypothesis is correct, one would expect to find a shift in the optimal pH for the activity of certain enzymes as the environmental temperature changes. Despite this possibility, it is customary to measure enzyme activity at a medium pH of about 7.4 regardless of the assay temperature.
We undertook the present study in order to investigate the effect of incubation temperature and pH on the activity of Na, K-activated adenosine triphosphatase (Na-K-ATPase) of toad skin and to define the relationship of optimal pH to temperature. Since the Na-KATPase of toad skin has not been studied in the past, we have also attempted to characterize the biochemical properties of this enzyme system. The data indicate that Na-K-ATPase of toad skin is comparable to those in other tissue and optimal pH for this enzyme activity is not constant but varies inversely with temperature, preserving a constant OH-/H+ ratio of the medium.
METHODS

Experimental Animal
Toads (Bufo marinus), captured in the fields of Honolulu, Hawaii, were maintained in damp conditions (23-25°C) and fasted for 3 or more days before use.
Preparation of toad skin epidermal tissue suspension. Initial attempts to assay Na-K-ATPase in whole-skin preparations were hindered, due to the high phosphate content of anuran skin (45). More consistent results were gained using the isolated epidermis. Homogenates of epidermal tissue were prepared by the method of Kawada et al. (23) ; a piece of ventral skin from the pithed toad was soaked for 30-40 min in 1 N KI solution, adjusted to pH 7.6 with 0.1 M Tris-HCl buffer at room temperature. The skin was then gently blotted on filter paper and separated into dermal and epidermal sheets by scraping with a surgical knife. In order to remove excess iodide, the epidermal sheets were washed in chilled 5 mM EDTA solution which had been adjusted to pH 7.6 with Tris-HCI buffer. The tissue was then homogenized in an ice-cold solution of 0.24 M sucrose and 5 mM EDTA which had been buffered to pH 7.6 at room temperature, and the final volume was adjusted to 1 ml/ cm' of epidermis. Finally, the homogenate was filtered through several layers of gauze and immediately used for the enzyme assay.
The Na-K-ATPase activities of epidermis prepared by this method and by the pressure method of Rawlins et al. (33) were essentially the same. In three matched skin preparations, average Na-K-ATPase activities were 0.31 and 0.28 pmol Pi/mg protein per 10 min for the KI and pressure methods, respectively.
Assay of Na-K-ATPase. The ATPase activity was estimated by measuring inorganic phosphate liberated by ATP hydrolysis during incubation of 0.1 ml homogenate with 0;4 ml of the appropriate medium containing Tris-ATP as the substrate. In order to estimate the total ATPase activity, Na, K, and Mg ions were present in the incubation medium. Mg-dependent adenosine tri- pH of the medium was adjusted indicated that with Mg as the major cation, the enzyme with Tris-HCl buffer (100 mM) to the desired value at activity (Mg-ATPase) was about 60% of the total ATPthe appropriate temperature.
After equilibration at the temperature of run the reaction was initiated by the ase activity measured in the medium containing Mg, Na, and K. The addition of either Na or K to the addition of ATP to the preincubation mixture. When the medium containing only Mg did not appreciably ineffect of a drug on ATPase activity was studied, the drug crease the enzyme activity. Moreover, the Na-K-dein question was added to the preincubation mixture and pendent portion was inhibited by treatment with 1 mM the length of the preincubation period of the enzyme with the agent wa s adjusted so that maxim .um effect of ouabain. In the absence of Mg, virtually no ATPase activity was detected even in the presence of both Na and K in the medium. These results indicate that the toad skin epidermal preparation is very similar to other tissues studied to date (40). of Na-K-ATPase was examined in the presence of 10 mM K at three levels of the enzyme (Fig. 24) . The maximum activity was found at a sodium In the next series of experiments we investigated the
RESULTS
Characteristics of Toad Skin Na-K-ATPase
The isolated surviving skin of amphibians has gained wide use as a model with which to study the mechanism of sodium transport across epithelial membranes. Despite this, there has been relatively little study on the enzymatic characteristics of Na-K-ATPase in this model. Accordingly, in the initial series of experiments we have attempted to characterize the basic properties of Na-K-ATPase system in toad skin epidermis. In addition, various agents known to affect sodium transport of the amphibian skin have also been examined for their effect on the enzyme system. Enzymatic properties of Na-K-ATPase. One of the notable characteristics of the Na-K-ATPase system is that it requires Na and K in addition to Mg ions for activity (41). Moreover, the enzyme activity is specifi- concentration between 27 and 52 mM, whereupon the curve plateaued. The Na concentration for half-maximal activation of the enzyme (Km for Na) was about 5 mM. Figure 2B reveals that the activity of Na-K-ATPase was clearly dependent on the concentration of potassium. In the presence of 3 mM Mg and 100 mM Na, the curve reached a plateau at a K concentration greater than 10 mM. The fact that the Na-K-ATPase activity did not fall to zero in the absence of K, but could be further reduced by the addition of ouabain, indicates that there was probably a small amount of contamination from tissue K. Because of this, it is difficult to obtain K,; however, extrapolating the curve gives a K, value of about 0.5-1.0 mM. Increasing the concentration of potassium reversed the inhibitory effect of ouabain ( Fig. ZB) , confirming earlier reports (7, 12). Effect of inhibitors and activators of sodium transport. The transport of sodium across the amphibian skin is thought to involve at least two distinct steps. First, sodium enters passively across the mucosal membrane of the epithelial cell and is actively extruded across the opposite membrane bY a mechanism possibly involving the ATPase system (18). The mode of action of such hormones as vasopressin (lo), aldosterone (38), and insulin (17), which have been reported to increase sodium transport across the amphibian skin, may be via an effect-on one or both of these steps. The actual site of zheir cellular mode of action is at present subject to controversy, but because of the possibility that it may involve activation of the Na-K-ATPase, we next tested the effect of these hormones on the toad skin Na-KATPase preparation.
Some other agents that are known to affect sodium transport in amphibian skin were also examined for their possible effect on enzyme activities. Amiloride, a potent inhibitor of sodium transport (3), did not inhibit Na-K-ATPase activity in concentrations between 10v7 and 10m4 M. Similarly, vasopressin (lo-400 mu/ml) and CAMP (5 x low3 to 3 x 10d2 M) had no effect on the enzyme activity in the range of concentrations which are known to increase sodium transport in the skin. On the other hand, insulin (2.510 IU/ml) increased the activity of Na-K-ATPase to 40% above the control level (P < 0.05). Thyroxine (10--H-10-6 M) showed slight tendency of activation of the enzyme; however, it was not statistically significant. None of the agents examined significantly altered the activity of Mg-ATPase.
Effect of Temperature on Na-K-ATPase Activity Effect of temperature on Na-K-ATPase response to ouabain. We have already seen that the Na-K-ATPase activity of toad skin is inhibited by ouabain. To further investigate the action of ouabain we have measured Na-K-ATPase activity at varying doses of ouabain in the medium. Two different incubation temperatures (37 and 23°C) were employed, since it has been reported that the sensitivity of Na-K-ATPase to cardiac glycosides undergoes a striking change with temperature (1, 8, 16). As illustrated in Fig. 3 ouabain displayed distinctly different effects on enzyme activity between 37 and 23°C. While it showed the usual inhibitory effect at 37"C, giving a Ki value of about 1.4 mM, little inhibitory effect was seen on enzyme activity at 23°C.
In order to examine the possibility that this change of ouabain effect is attributed to a temperature-induced alteration in the affinity of the enzyme for potassium which antagonizes ouabain action, we next investigated the potassium dependency of Na-K-ATPase activity at 37 and 23"C, respectively. As expected, at potassium concentrations lower than 10 mM, the relative enzyme activity was found to be greater at 23 than at 37°C. For instance, with 0.5 mM K in the medium, Na-K-ATPase activity at 37°C was about 55% of the maximal activity, whereas at 23°C the activity was about 75% of the maximal activity. Therefore, the effect of ouabain on Na-K-ATPase activity was reexamined in the presence of the same effective concentration of potassium, i.e., 5.5 mM K at 37°C and 3.5 mM K at 23°C. These concentrations of potassium are those required to give 90% activation of the enzyme activity at the respective temperatures. Again, the result showed an apparent difference in the effect of ouabain between the two temperatures (Fig. 4) , indicating that observed differences in the ouabain effect were not due to increased enzyme affinity for potassium at the lower temperature.
Effect of temperature on optimal pH. Previous studies indicate that the activity of Na-K-ATPase displays a definite optimal pH and the optimal pH is remarkably constant in a variety of animal tissues, i.e., near 7.4 at 37°C (e.g., ref 4). This indicates that the enzyme system is in its most active ionic state at pH 7.4 when it is incubated at 37°C. Since the degree of ionization of the components of the system, either medium, substrate, or ionizable groups in the enzyme, will vary with temperature, the pH chosen at one temperature may no longer be optimal at a different temperature. Accordingly, in the next series of experiments we investigated the relationships between Na-K-ATPase activity and pH at 37, 25, 14, 8, and 2°C.
As illustrated in Fig. 5A , Na-K-ATPase activity varied with the pH of the reaction mixture at all the series of experiments the pH was fixed at 7.4 regardless -100 -o=z 3 T ====+y*-,* ;.EyP pH Of t:mperature* Figure 6A shows the reaction velocities of the system E 80 - temperatures, showing a definite optimal pH. However, the optimal pH was not constant but inversely related to temperature. Furthermore, the change in the optimal pH with temperature (ApH/AT) was of the same magnitude as that of the neutral water and the arterial blood of toads acclimated to various temperatures (Fig. 5B) . Consequently, differences between the optimal pH, the pH of neutral water (pN = pKw/2 = (pH + pOH)/2) and blood pH for a given temperature, remained constant over the entire temperature range examined. The difference between optimal pH and neutral pH (optimal pHpN) was consistently near 0.6 pH units, which is equivalent to an OH-/H+ ratio of 16. This is so because OH-/ H+ = antilog of (pH -pOH); = antilog of 2 (pH -pN). These results indicate that the maximal Na-K-ATPase activity is obtained at a fixed OH-/H+ ratio but not at a fixed pH.
In an attempt to elucidate underlying mechanism(s) we next examined the effect of temperature on the K, for ATP. In one series of experiments, the pH of the incubation mixture was adjusted to give an OH-/H+ ratio of 16 at each temperature tested, whereas in other was reduced from 16 at 37°C to 6.3 at 25"C, and the curve was shifted to the right (dotted curve). Figure 6B is The activity of the Na-K-ATPase of the toad skin was measured at various temperatures between 37 and 2°C. For the purpose of comparison, two series of experiments were run. In one series, the pH of the medium was adjusted to give a OH-/H+ ratio of 16 and in the other series, it was adjusted to 7.4 at all temperatures. The results illustrated in Fig. 7 as Arrhenius plots indicate that the enzyme activities are markedly different between the two series, especially at higher temperatures. In the series where OH-/H+ ratio was held at 16, the enzyme activity changed very little between 37 and 20°C. However, in the experiment where pH was held at 7.4, the enzyme activity decreased logarithmically as the temperature decreased. It both cases, enzyme activities fell rapidly below 15°C. High concentrations of ATP were inhibitory confirming observations in various other tissues (12, 23).
DISCUSSION
General Characteristics of Toad Skin Na-K-ATPase
The Na-K-ATPase preparations in the present studies appear to be quite typical of those from other tissues. The enzyme requires both Na and K in addition to Mg for maximal activation and is characteristically sensitive to variations of concentrations of Na and K (see Fig.  2 ). K, values for Na (5 mM) and K (0.5-l mM> resemble those reported for other preparations (7, 11, 36) . In addition, the K, value for ATP (approximately 0.23 mM) is similar to the values reported previously (37).
Insulin is known to stimulate sodium transport in amphibian skin and bladder, presumably by activating the "sodium pump" mechanism (9, 17). In the present studies, insulin increased Na-K-ATPase by 30-40%. Whether these results indicate that insulin exerts its effect through the Na-K-ATPase system is not certain at present. In toad bladders, insulin had no effect on the Na-K-ATPase activity although it stimulated net sodium transport significantly (unpublished data). According to Rogus et al. (36) insulin enhances the active sodium transport in muscle cells, but does not alter Na-K-ATPase.
Bonting et al. (6) also reported the lack of insulin effect on the Na-K-ATPase systems of cat gray matter and retina. Since the effect of ouabain on Na-K-ATPase varies with temperature
(1, 16) as well as K concentration (II), the ouabain sensitivity of the enzyme must be defined in terms of temperature and K concentration in the assay medium. The Ki value for ouabain in the present study (1.6 x 10s3 M in the presence of 10 mM K at 37°C) is greater by 2 to 3 orders of magnitude than that found in most other biological preparations in a similar condition (15). The reasons for such an unusually low ouabain NA-K-ATPASE 1361 sensitivity of toad skin ATPase is uncertain. Bonting and Canady (5) speculated that the production of bufagins may be responsible for the low sensitivity of the toad to cardiac glycosides. According to Allen and Schwartz (2) and Tobin et al. (47) , species differences in ouabain sensitivity are due to a relatively high rate of dissociation of the ouabain-ATPase complex in the insensitive species. Therefore, the high Ki value observed in toad skin suggests that the binding of ouabain to the enzyme might be unstable as has been reported in the rat, another ouabain-resistive species (2). The decrease in the inhibitory effect of ouabain at low temperature has previously been demonstrated in the brain microsomal ATPase system (1, 8, 16) . However, the interpretation of this finding is debatable. Whereas Gruener and Avi-dor (16) interpreted the result in terms of flexibility changes of the enzyme molecule, Ahmed and Judah (1) attributed this to changes in the affinity of the enzyme for potassium.
In the present study, ouabain exhibited an insignificant effect on toad skin Na-K-ATPase activity at 23°C whereas it demonstrated significant inhibition at 37°C (see Fig. 3 ). The reasons behind this discrepancy are not entirely clear.
Under the experimental conditions of the present study, the enzyme system showed little change in activity between 37 and 23°C (see Fig. 7) . Therefore, the change in the flexibility of the enzyme must be minimal (if any) within this range of temperature.
The concentration of potassium required for the same degree of activation of the enzyme was lower at 23OC than at 37°C. Whether this reflects an increase in the affinity of the enzyme for potassium at low temperature is difficult to conclude without knowing the potassiumbinding properties of the enzyme. Nevertheless, the observed discrepancy in the effect of ouabain between 37 and 23°C is not likely to be a result of differences in affinity of the enzyme for potassium, since a similar discrepancy is observed even after the potassium concentration was adjusted to give the same degree of activation of the enzyme (see Fig. 4 ).
If temperature change induces conformational change of the membrane, it would result in blocking the accessibility of the binding sites to ouabain at low temperture. However, conformation of the membrane in the present experiments does not seem to be different between 37 and 23"C, since the break of Arrhenius curve occurred at around 15°C (see Fig. 7) . Therefore, the ineffectiveness of ouabain at 23°C may not be due to low accessibility of the enzyme for the inhibitor. However, more accurate information may be gained from ouabain-binding studies at various temperatures. Alternatively, the results may be explained by assuming two catalytic routes of ATP hydrolysis. That is, ATP is hydrolyzed through an ouabain-sensitive route at the higher temperature, whereas it is hydrolyzed via an ouabain-insensitive route at the lower temperature.
A number of investigators (22, 27, 29) have proposed two different pathways for alkali metal-sensitive ATP hydrolysis. One requires both Na and K ions and the other route requires only Na ion. Of considerable interest is the study of Pfeiler and Kirschner (30) on the ATPase system of the gill of a freshwater-adapted fish. This ATPase system requires both Na and K ions when assayed at 37"C, but it requires only Na ion at 13°C. Ouabain eliminates the Na-K-dependent activity but not the Na-dependent activity. In the present study, the 23"Cenzyme required K ion in addition to Na ion for maximal activity. Therefore, it is probably a different form of the enzyme than the Na-dependent ATPase mentioned above.
One final alternative interpretation deserves discussion. If the affinity of the enzyme for ouabain is extremely low at 23"C, one would not expect any significant ouabain effect. The apparent Ki for ouabain, estimated by extrapolation from the graph (Fig. 3) , appeared to be much higher at 23OC than at 37OC. Whether or not this reflects extremely unstable binding of ouabain to the enzyme at 23OC is not certain. However, stability of [3H]ouabain-enzyme complex is known to increase as temperature decreases (13, 47) .
Regardless of the interpretation of the data, the present study clearly indicates that ouabain sensitivity of toad skin Na-K-ATPase reduces dramatically when the assay temperature is lowered. This result is in accord with the data obtained with toad bladder Na-K-ATPase (unpublished data), but differs from that reported for frog skin Na-K-ATPase by Kawada et al. (24) . The latter experiments showed little difference in the effect of ouabain between 16 and 37OC. Whether this discrepancy is attributed to a species difference is not certain at present.
Optimal pH versus Temperat ure
It has been well documented by many investigators that pH of the arterial blood of poikilotherms changes inversely with body temperature (20, 32, 35) . The animals regulate their blood acidity such that the change in blood pH with change in temperature is of the same magnitude as that in pH of the neutral water. Thus, the difference between blood pH and the pH of neutral water (i.e., pH -pN) or relative alkalinity of the blood remains constant regardless of temperature. Reeves (34) speculated that the significance of this phenomenon was that the animal could maintain constant protein net charges which, in turn, provide for optimal enzyme activities and protein conformations at all temperatures.
In the present study, it was observed that the optimal pH for Na-K-ATPase activity of the toad skin changed with temperature. However, this pH always maintained a constant relationship to the pH of the neutral water and to the arterial blood pH of toad (see Fig. 5B ), such that the optimal pH at any temperature was 0.6 pH units higher than the pN (thus, OH-/H+ = 16) and 0.15 pH units lower than the pH of the arterial blood. These results indicate that the toad skin Na-K-ATPase molecule is in the most active catalytic form when the OH-/ H+ ratio of the medium is 16. The underlying mechanism of this finding is not clearly understood at present. However, as speculated by Reeves (34), it is probably because a constant OH-/H+ ratio of the medium preserves a constant ionic state of the enzyme system dur-
